Microwave bursts during solar flares are known to be sensitive to high-energy electrons and magnetic field, both of which are important ingredients of solar flare physics. This paper presents such information derived from the microwave bursts of the 412 flares that were measured with the Owens Valley Solar Array. We assumed that these bursts are predominantly due to gyrosynchrotron radiation by nonthermal electrons in a single power-law energy distribution to use the simplified formulae for gyrosynchrotron radiation in the data analysis. A second major assumption was that statistical properties of flare electrons derived from this microwave database should agree with an earlier result based on the hard X-ray burst spectrometer on Solar Maximum Mission. Magnetic field information was obtained in the form of a scaling law between the average magnetic field and the total source area, which turns out to be a narrow distribution around ∼400 G. The derived nonthermal electron energy is related to the peak flux, peak frequency, and spectral index, through a multistep regression fit, which can be used for a quick estimate for the nonthermal electron energy from spatially integrated microwave spectral observations.
INTRODUCTION
Two types of radiations are known to be excellent diagnostics for the nonthermal electrons accelerated during solar flares. These are hard X-rays (HXRs) emitted under the bremsstrahlung mechanism (Brown 1971) and microwave emission emitted under the synchrotron mechanism (Ramaty 1969). Their sensitivity to the electrons is important because electrons are the most abundant population of high-energy particles and produce powerful radiations that permit a detailed spectral analysis (Miller et al. 1997) . HXR and microwave radiations have been utilized in various ways including time correlation study (Crannell et al. 1978; Cornell et al. 1984) , the spectral shape comparison (Silva et al. 2000) , and spatial locations (Sakao 1994) . On the other hand, the effort to determine the total electron energy from the spectrum has been exclusively made with HXRs. Typically, large flares observed with a high spectral resolution have been analyzed and the energy has been found to be in the range of 10 32 -10 33 erg (Lin & Hudson 1971 , 1976 Lin et al. 1984 Lin et al. , 2003 , which would represent the largest amount of energy that individual solar flares can produce. A statistical approach has also been made in terms of the so-called frequency distribution 1 of flare parameters which refers to the number of bursts counted according to measured parameters (Lu & Hamilton 1991) . Crosby et al. (1993, hereafter CAD93) carried out a comprehensive study where the energy distribution was determined from 12,000 solar flares based on the hard X-ray burst spectrometer (HXRBS) in the Solar Maximum Mission (SMM). According to their result, total energies in electrons above 25 keV form a power-law frequency distribution with index −1.53 in the range 10 28 erg E tot 10 32 erg. Physical understanding of the power-law frequency distributions was provided either by a self-organized criticality model (Lu & Hamilton 1991) or by exponential energy buildup and stochastic flaring (CAD93; Aschwanden 2005, Section 9.8). Therefore, not only the electron energies derived from individual events but also the statistical distribution of the electron energies of a large number of events can provide important clues to the flare energy release process.
Properties of solar microwave burst spectra have been known by the work of Castelli (1972) and Guidice & Castelli (1975) . Various types of the microwave flux spectra were identified based on observations at nine frequencies between 245 and 35,000 MHz over the years from 1968 to 1971, and the component in the centimeter wavelengths is found to be due to gyrosynchrotron radiation which is sensitive to electrons and magnetic field (Ramaty 1969) . The derivation of the total energy (or number) of electrons from microwave spectra could be made with magnetic field information obtained separately (e.g., Benka & Holman 1994; Gary 1985) . Frequency distributions of microwave fluxes have also been investigated either at singlefrequency (3 GHz) data (Akabane 1956) or at multifrequencies using the National Geophysical Data Center of NOAA (Nita et al. 2002) and the database obtained with Owens Valley Solar Array (OVSA; Nita et al. 2004) . All these works found that frequency distributions of monochromatic microwave fluxes also appear in a power-law form with indices similar to those found in HXR studies (see Table 1 of CAD93). However, the distributions of monochromatic microwave fluxes could not be directly compared with the theory for flare energy release, because it is yet unknown how to relate them to the electron energy.
The goal of this paper is to derive physical information from the large data set of microwave bursts developed by Nita et al. (2004) in a manner similar to the HXR studies of CAD93. While HXRs from thick-target sources depend only on the emitting electrons (Brown 1971) , microwave radiation depends on both electrons and magnetic field, and one of these two parameters should be known to derive the other. Since the electron energy frequency distribution determined by the HXRBS data seems robust (CAD93), it would be logical to accept the electron information and use it statistically to derive the typical magnetic field strengths from the microwave data set. Specifically, we will predict the electron energy frequency distribution from the microwave data for a set of assumed scaling law of the magnetic field and source area, and compare it with the HXR-based result for agreement. Such a scaling law is not merely a technique to supply a missing parameter, but an essential step toward understanding of the physics underlying the frequency distribution in a power-law form (Aschwanden 2005, Section 9.8) . The output of this study will thus be the magnetic field scaling law and an empirical relation between the total electron energy and the observed microwave spectral parameters.
Cautionary remarks on several differences between the two data sets are in order. First, CAD93 used the complete HXRBS catalog in 1980-1989 to study solar cycle variation as well. We use their result for solar maximum period only because our microwave data were also formed during a solar maximum. These two data sets belong to different epochs, which leaves a concern about a possible time-dependent variation from epoch to epoch. However, even solar maximum to minimum variation of the flare statistics as studied by CAD93 does not seem to be significant, as we anticipate only a rough agreement between HXR and microwave-based results. Second, CAD93 assumed that the observed HXR spectra above 25 keV are entirely due to nonthermal thick-target bremsstrahlung, while a thermal component might exist and partly contribute to the HXR spectra. In our microwave data set, we exclude thermal-like events based on the measured spectral index. However, the single power-law spectral fit made in both studies already precludes the possibility of thermal contribution. Third, one intrinsic difference between two radiations is that the thick-target HXR flux is related to the energy of electrons deposited into the chromosphere per unit time whereas the microwave flux simply represents the instantaneous number of the electrons surviving in the coronal loop (Tandberg-Hanssen & Emslie 1988) . CAD93 used timeintegrated HXR fluxes to derive the total energy released during entire period of a flare. We believe that the corresponding quantity in microwaves is the peak time microwave spectrum because microwave emitting electrons are effectively trapped in the coronal loops and the peak time radiation includes all electrons having been injected into the loop with time. This assumes that the trapping time is longer than the injection time; otherwise it can lead to underestimation of the total energy (e.g., Lee 2004). Fourth, both HXR and microwave data sets provide a single set of spectral parameters per event, which means that any time-dependent change of the spectral parameters within individual event is not considered. If there is any temporal change of the parameters, what we will find in this study would be like time-averaged properties.
Most of these issues are unavoidable in processing large databases such as the HXRBS and OVSA data sets, which are yet the unique set available for such comparison. We also note that the quantity of interest in the comparison is only total electron energy. As this quantity is determined after temporal and spatial integrations of the spectrum, the result may be less sensitive to the above-listed issues. We hope that this comparison will lead to an insight into the energetics and magnetic field in solar flares.
DATA
The database was obtained from 412 flares that were observed with OVSA during [2001] [2002] . It includes the peak flux, peak frequency, and spectral slopes measured for the 770 flare peaks. Here, the "peak" refers to both spectral maximum and the local maximum in light curves. Details of the data calibration and the instrument are given by Nita et al. (2004) . The observed quantities in this database can easily be illustrated by the following simple form of the continuum spectrum from a homogeneous source with area A perpendicular to the line of sight and thickness L along the line of sight:
where η ν and κ ν are the emissivity and absorption coefficient, and r is the Sun-Earth distance. Both η ν and κ ν are decreasing functions of frequency, but η ν /κ ν is an increasing function of frequency. Therefore, the spectrum has a spectral peak at frequencies where κ ν L ≈ 1 with the flux value S p ≈ 0.63η ν A/κ ν r 2 . The frequency at which the observed peak flux, S ν , corresponds to this quantity, S p , will be called the peak frequency, ν p . In addition, we have the spectral index at frequencies above the peak frequency, γ = −∂ ln S ν /∂ ln ν at ν ν p , which is essentially that of the emissivity, η ν . The spectral index at low frequencies (ν < ν p ) was also measured but the simple model approximation may no longer apply to that part of the spectrum and we do not use this quantity.
DATA REDUCTION

Gyrosynchrotron Formulae
To convert the above-stated observed quantities to physical parameters, such as magnetic field, B, its angle θ relative to the line of sight, and column density NL and area A, we need to know how η ν and κ ν vary with these parameters. The full expressions for η ν and κ ν are quite complicated. For our purpose, we adopt Dulk & Marsh's (1982) simplified expressions for gyrosynchrotron radiation that assumes that electrons have isotropic pitch angles and the following energy distribution:
where E 0 = 10 keV is the low cutoff energy, δ is a constant power-law index, n E is the number of nonthermal electrons per unit volume (cm 3 ) and unit energy (keV), and N is the total number of nonthermal electrons integrated over E E 0 per unit volume (cm 3 ). In this case, the emissivity, absorption coefficient, and peak frequency are given by
where θ is the viewing angle of the magnetic field and ν B = 2.8 × 10 6 B is the cyclotron frequency in Hz, and B is the magnetic field strength in gauss. The above expressions are valid for 2 δ 7, viewing angles θ 20
• , and ν/ν B 10. These equations are valid for nonthermal gyrosynchrotron radiation and do not apply when there is a significant contribution either from a thermal gyrosynchrotron component or from other radiation mechanisms. We select events with a spectral index smaller than 6 in order to exclude thermal gyrosynchrotron components. We also select peak frequencies greater than 2.6 GHz, because the events with lower peak frequency may be due to radiation mechanisms other than gyrosynchrotron mechanism (Nita et al. 2004 ). Finally, we use peak fluxes greater than 10 sfu, because events with weaker flux tend to be contaminated by Razin suppression (Melnikov et al. 2008) .
Assumptions and Procedure
We need to solve these equations with the three observational constraints (γ, S p , ν p ) and many unknowns. We state the assumptions made in this analysis. First, we adopt the single power-law electron distribution assumption (Equation (2)) as built into the above formulae. This is a very simple approximation and real flares may have more a complicated distribution than single power law. This approximation is however adequate at the level of the data parameterization and is also consistent with the HXR data analysis carried out by CAD93. Under this assumption, we can apply the set of Equations (3) to observed spectra. First, we can see that the flux spectrum in the optically thin part (κ ν L 1) depends on frequency as S ν ∼ η ν ∼ ν 1.22−0.90δ by using Equations (1) and (3a). Since we cast the observed spectrum in the form of S ν ∼ ν −γ , we can determine δ from γ as
The viewing angle θ is another unknown quantity, but we remove this quantity by averaging it over the range 20
• -80
• , namely, the above quantities are integrated over the angle range and divided by its interval. The justification is that optically thick microwaves are emitted from electrons occupying an entire flaring loop, and thus the magnetic field vector typically spans a wide range of viewing angles. We then end up with three unknowns (B, NL, A) and two constraints (S p , ν p ). Therefore, one more constraint is needed.
As mentioned in Section 1, we introduce another assumption that the magnetic field and the source area obey a scaling law like
where A 0 is the area of a circle with a nominal value of 20 diameter, and m and B 0 are treated as free parameters. We will assign trial values of B 0 and m in wide enough ranges and see which combination of B 0 and m will meet the next constraint. Such a scaling law between two parameters has commonly assumed in explaining the observationally established powerlaw energy frequency distribution and has also been determined from actual observations (Aschwanden 2005, Section 9.7.3). We thus expect that it can serve as a means to derive the statistical property under exploration here. The last constraint is that the energy frequency distribution of nonthermal electrons as predicted from this microwave data set should reproduce that of CAD93 result from HXR data. These two sets of data are of different bursts, and thus no comparison can be made for individual events. However, the statistical property, i.e., the frequency distribution of the number of events binned into the energy space, should be shared by the HXR event and microwave events. Specifically, we cast the CAD93 result into the following form:
where Γ = 1.53 ± 0.02, f 0 ≈ 10 −28 erg −1 day −1 , E 0 ≈ 10 28 erg, and E 1 ≈ 10 32 erg. We intend to reproduce not only the above power-law index, Γ, but the magnitude, f 0 , of the frequency distribution over the entire energy range between E 0 and E 1 should closely be reproduced.
In the present case, the total electron energy can be calculated by multiplying the mean energy per electron by the total number in the volume:
This quantity may appear to be only weakly dependent on the electron's phase space density, i.e., n(E) or δ (see Equation (2)). However, the geometrical factors, L and A, are derived from κ ν and η ν which do depend strongly on δ as well as the magnetic field, B.
To summarize the procedure, we (1) determine the electron power-law-index δ from the observed spectral index, γ , (2) use the scaling law to express B in terms of A for a given (B 0 , m) and determine the area, A, from the flux constraint, S p ≈ 0.63η ν Aκ −1 ν r −2 , (3) calculate B and ν B using the magnetic scaling law, and use them to determine NL from the peak frequency, ν p , and (4) calculate the total electron energies E of individual events and check the resulting energy frequency distribution. We will repeat this cycle with modifications to (B 0 , m) until we can find the best agreement with the CAD93 result.
RESULTS
Observed Quantities
In Figure 1 , we plot a scatter plot of observed quantities in three different ways with the dashed guide lines to indicate physically meaningful limits as will be argued below. In the scatter plot of S p and ν p (left panel), the lower edge is due to our selection of events with peak frequency greater than 2.6 GHz, because the events below 2.6 GHz may be due to radiation mechanisms other than gyrosynchrotron mechanism (Nita et al. 2004) . The left vertical edge at 10 sfu is simply the minimum reliable detection of the peak flux. The dashed line is the line of ν 2 p and no event has been recorded in OVSA data whose peak flux density falls outside of these two empirical limits. Therefore, the peak fluxes divided by the square of peak frequencies,
p , has a frequency-independent limit ∼300 sfu GHz −2 . Our interpretation of this behavior is as follows: according to the Kirchkoff's law η ν /κ ν is related to ν 2 T eff (see, for instance, Dulk & Marsh 1982; Tandberg-Hanssen & Emslie 1988) and then S p ν −2 p is proportional to T eff A, namely, energy per column density, E(NL) −1 . Therefore, the maximum limit of S p ν −2 p may imply the corresponding upper limit of E(NL) −1 that solar flares can produce.
In the middle panel, we can see that the spectral index γ does not have a straight correlation with the peak flux S p . The dashed line in this case implies that higher flux events are usually hard electron events. The converse is, however, not true. Lower flux events may be hard or soft not hard electrons. In the middle to low flux events, the spectral index is found in a wide range. Thus, we cannot tell from spectral index alone which event is more energetic. Finally, the scatter plot of the spectral index γ and the peak frequency ν p (right panel) also shows no strong correlation. Overall, the scatter plots in Figure 1 show that Figure 1 . Scatter plots of the observed microwave burst parameters: peak flux, peak frequency, and spectral index. The dashed lines represent the empirical limits that naturally appear in the scatter plots (see the text). There are also artificial limits as we use only the frequencies between 2.6 and 18 GHz, and fluxes above 10 sfu. Other than the limiting behaviors, no simple correlation between the spectral parameters is found. no single parameter can be used to predict other parameters, although some limits exist in relation to the maximum energy that solar flares can produce. A detailed analysis as proposed above is thus needed.
Fitting to the Energy Frequency Distribution
In Figure 2 , we show selected cases of the analysis. From top to bottom, three different magnetic scaling laws are assumed for a given set of (B 0 , m). The left to right columns show the source diameter, magnetic field, column depth, and the derived energy as functions of the observed peak flux. The last column shows the frequency distribution of the electron energy together with the power-law fitting. Except the last column, shown in all x-axes is the scaled flux, S p ν −2 p in units of sfu GHz −2 . We chose this parameter because it is less dependent on frequency. The first row shows the results obtained when we try B 0 = 700 G and m = −1.0. This results in source area increasing and magnetic field decreasing with the scaled flux over a wide range. Subsequently, the column density, area, and thus energy also extend over many orders of magnitude. As a result, the energy frequency distribution varies with energy as slowly as Γ = 1.25. In the second row, we try a much less varying magnetic field with area by setting m = −0.10. In this case, magnetic fields are confined to a narrow range and most other quantities; the column density, effective temperature, and energy are also restricted to narrow ranges. As a result, the energy frequency distribution can be as steep as Γ = 1.53, but the energies are lower than the CAD93 result. It is predictable that given an observed flux, lower magnetic energy means larger electron energy. We thus decrease B 0 from 700 to 400 G and show the result in the bottom row. The electron energy E is moved up to fit the target energy range, i.e., E 0 ≈ 10 28 and E 1 ≈ 10 32 erg. We thus find that m constrains the slope of the energy frequency distribution, Γ, and B 0 constrains the target energy range (E 0 , E 1 ) and the magnitude, f 0 , of the frequency distribution.
Magnetic Field
Thus, a systematic search for the solution in a larger range of (m, B 0 ) had to be performed. The result of this search is shown in Figure 3 . The solid contours represent the predicted maximum electron energy, E 1 , and the dashed contours represent the powerlaw index, Γ. The maximum energy varies monotonically with B 0 because lower magnetic field B 0 results in larger electron energy E 1 . However, the result also depends on m; at a higher positive m, the contribution of the magnetic field and source area to the flux quickly increases and events with higher S p correspond to sources with larger energies. These two behaviors control how the constraint on E 1 is satisfied, as shown in the figure.
As we have already shown in Figure 2 , the energy frequency distribution becomes a slow function of energy (i.e., smaller Γ)
at larger values of m either positive or negative (|m| > 0.5). Consequently, the desired index, Γ ≈ 1.5, is reproduced at smaller m, i.e., |m| < 0.2. Γ also depends on B 0 in a way that the frequency distribution becomes steeper as B 0 is lowered. In order to predict the energy frequency distribution similar to that of CAD93, smaller |m| and moderately low field strength B 0 are needed. It is the gray-colored region in Figure 4 , set by 340 B 0 560 G and 0.05 m 0.25 where our constraints (Section 3.2) are approximately satisfied. The electron energy derived from this range of B 0 and m makes little difference from each other. Next, we use the electron energies calculated at m = 0.1 and B 0 = 400 G.
Electron Energy
In Figure 4 , we check how the derived nonthermal electron energy correlates with the observed microwave quantities. The first panel shows a scatter plot of the derived energy against the peak flux with symbols. They show a correlation to some extent but the points are widely scattered and we do not believe that the peak flux alone can represent the electron energy very well. The second panel shows the peak frequency with respect to the electron energy. The peak frequency weakly correlates with the energy, but a wide scatter still exists. In view of these two results, we conclude that no single observed quantity well correlates with the flare electron energy. We thus looked for a combination of observed parameters that best correlates with the flare energy by making a multistep regression fit to the energy using the three parameters. As a result, we found the following relationship:
where S p and ν p are in units of sfu and GHz, respectively. The result is shown in the rightmost panel of Figure 4 .
DISCUSSION
The main results of the present analysis, from 412 events in the OVSA microwave data set, are the magnetic scaling law (Equation (5)) and the empirical expression for the nonthermal energy (Equation (8)). We here briefly discuss these two results.
The magnetic scaling law derived here is significant itself. Several magnetic scaling laws as functions of the loop length or area had been presented (see, for review, Aschwanden 2005, Section 9.7.3), which are mostly related to magnetic energy dissipation along loops (Golub et al. 1980; Fisher et al. 1998 ). On the other hand, our magnetic field scaling law refers to the background magnetic field averaged over the source area, and is qualitatively close to that of Harvey (1993) Although there are still minor differences (e.g., B in this study is the total magnetic field strength whereas the B in the magnetogram studies is the line-of-sight component of the magnetic field), the similarity of this independent result from the literature gives support for our result. This scaling law, of course, does not preclude the fact that the local magnetic field strength can vary significantly from looptop to footpoints within a microwave source. Similarly, a plage region may contain a wide range of local field strengths. What this magnetic scaling law implies is only that the average field strength over the entire source region varies little from event to event, and the total magnetic flux is largely determined by the area rather than a particular local field. The use of this scaling law thus applies best to statistical studies of spatially integrated sources.
The effort of exploring correlations among the flare parameters is ultimately aimed at the question of whether there exists a simple and convenient relation between the flare energy and observed flare parameters. CAD93 found a strong correlation of the derived electron energy with the HXR energy flux and HXR duration. In our study, the microwave peak flux also shows some correlation with the electron energy, but is too low to be useful (Figure 4) . This is presumably due to the fact that the microwave peak flux divided by the square of the peak frequency, S p ν −2 p , reflects primarily the effective temperature and source area, while an additional parameter, the column density, NL, is needed to estimate the total energy, E. Our empirical result works by providing a proxy measure of the column density, which can be identified, using Equation (8), with NL ∼ E/(S p ν −2 p ) ∼ ν 2.13+1.24γ p . This shows that a higher peak frequency implies a larger column density as expected (see "universal spectra" in Figure 4 .6 of Gary & Hurford 2004) . How strongly the column density depends on the peak frequency varies with the spectral index; when electrons are softer (higher γ ) NL increases more rapidly with ν p . This is also understandable because softer electrons should have a larger column density to produce an equally high peak frequency. Alternatively, our energy expression can be viewed as a more elaborated relation between the flare energy and observed parameters than the conventional use of the peak flux as a first-hand measure of the flare strength, i.e., E ∼ S p . Our result shows that S p is a good measure for E only for the events with the same peak frequencies and spectral indices and not otherwise. Especially, the peak frequency is an exclusive feature of the microwave spectrum and should be exploited in estimating the total energy of nonthermal electrons produced during solar flares.
